Abstract This paper proposes a combined model for port selection and supply chain optimisation for the installation phase of an offshore wind farm. Two strategic models are proposed where the first model, based on Analytical Hierarchy Process (AHP), aims to select the most suitable installation port. The second model is developed using Integer Linear Programming (ILP) in order to determine the optimal transportation schedule of the components from suppliers to the chosen installation port. The proposed models are evaluated for the West Gabbard (UK) offshore wind farm located in southern part of the North Sea.
Introduction
The production of energy from offshore wind sources is gaining momentum in numerous countries including Northern European countries, China, South Korea and the United States.
Offshore wind provides countries with a clean and renewable source of energy and outperforms onshore wind energy in terms of the capacity factor and power output while also avoiding some of the barriers associated with onshore wind turbines such as the visual problems, noise and land occupation (Snyder and Kaiser, 2009 ). Currently, Europe is the world leader in terms of installed capacity with over 12 GW of operational offshore wind farms spread across 11 countries (Wind Europe, 2016). China has ambitious plans of developing 30 GW by 2020,
Multi Criteria Decision Making (MCDM)
For solving multi-criteria problems referring to making preference decisions (i.e. evaluation, selection, prioritization), over a discrete set of available alternatives, different MCDM methods have been developed (Hwang and Yoon, 1981) . These methods are mainly based on two different concepts of a) multi-attribute utility theory (MAUT), which has a compensatory nature and consists of aggregating the criteria into a function which has to be maximised, and b) outranking methods; which allow for incomparability between alternatives and therefore TOPSIS behaved closer to AHP and differently from ELECTRE and WPM (except for problems with few criteria), ELECTRE was the least similar to SAW (except for best matching the top ranked alternative) followed by MEW.
In another study by Mulliner et al. (2016) five methods including WSM, MEW, revised AHP, TOPSIS and COPRAS were compared for solving a sustainable housing affordability problem.
The COPRAS method was suggested for their studied problem and TOPSIS, WSM and WPM were proposed as good candidates in cases where there was a higher level of uncertainty with regard to the importance of the criteria.
For the first part of this study, the AHP has been proposed for port suitability assessment due to its practicality, ability to provide a framework for group participation in decision-making and ease of use for stakeholders (Wedley, 1990) . Since the experts and users of the proposed port selection model are industry practitioners in the offshore wind sector, one of the main criteria in choosing the method was its ease of use by the users and experts. Additionally, the AHP methodology provides a complete ranking of the alternatives, and it is able to handle both quantitative and qualitative criteria. While in outranking methods such as ELECTRE, the process and outcome can be difficult to explain in layperson's terms (Velasquez and Hester, 2013) , the AHP's results are easily understood and make intuitive sense to the users (Wedley, 1990 ). Furthermore, whilst in some MCDM methods such as PROMETHEE, a clear method by which to assign weights in not provided, the AHP clearly addresses the process and suggests the consistency ratio (CR) index for determining the consistency of expert judgements (Velasquez and Hester, 2013) . The AHP balances the interactions among decision criteria, and synthesizes the information into a vector of preferences among the vector of alternatives. Hobbs (1986) suggests that the AHP helps the decision makers to a) articulate and model the preferences, b) structure the decision process, c) aggregate the alternative evaluations, and d) make recommendations.
Applications of MCDM in the offshore energy sector
In the offshore wind sector, Lozano-Miguez et al. (2011) used the TOPSIS method for the benchmarking of candidate support structures for offshore wind turbines considering engineering, economic and environmental attributes. In a study by Rabbani et al. (2014) the performance of oil producing companies were evaluated using ANP, for formulating the interdependency among criteria, and CORPAS, for evaluating the alternatives. Fetanat and Khosraninejad (2015) used a combined fuzzy multi-criteria decision approach for offshore wind site selection in southwest of Iran. Six criteria were used including the depth and height, environmental issues, proximity to facilities, economic aspects, culture and technical resources and levels. Yunna et al. (2016) , used MCDM to study a problem related to offshore wind farm site selection in China. An ELECTRE 3 method was used in a fuzzy environment. Six groups of criteria were selected including wind resources, construction and maintenance condition, supporting conditions onshore, environmental impacts, economic, and society benefits.
Vasileiou et al. (2017) used a GIS based MCDM for site selection of hybrid offshore wind and wave systems. In the first stage of their study the authors used the GIS to in order to identify suitable areas for the development of hybrid wind and wave systems in Greece. In the second stage of the study, the AHP method was used to rank the eligible marine areas that didn't satisfy the exclusion criteria. decisions and structural shifts related to onshore and offshore wind power supply chains. They concluded that the wind power industry had experienced a decoupling process of the offshore supply chain from its onshore counterpart with diverging technological requirements.
The papers cited above deal with supply chain management in a general sense instead of supply chain optimisation. However, there is a dearth of papers in the literature that address supply chain optimisation in an offshore wind farm. Nevertheless, general supply chain optimisation has been widely investigated. Our proposed model developed using ILP can be considered as the multi-product (component/part) and multi-period supply chain network problem where a set of components/parts needs to be transported to plants to be transformed into final products that are delivered to final destinations. Therefore, in this subsection we review some papers dealing with the multi-product supply chain network problem using ILP or Mixed ILP (MILP).
A paper by Geoffrion and Graves (1974) can be considered as one of the pioneering works in supply chain network design optimisation where they introduced a MIP model and a solution technique for the multi-commodity distribution problem. Cohen & Lee (1988) proposed the framework of global manufacturing and distribution problems consisting of four sub-models where a nonlinear MIP model was developed to tackle the problem. A MILP model to solve a production and transport planning problem in the chemical industry in a multi-plant, multi-product and multi-period environment was proposed by Mcdonald and Karimi (1997) . Wilkinson et al. (1996) proposed an aggregated planning model involving integration of production, inventory, and distribution in multisite facilities. A MILP model was introduced by Barbarosoglu and Ozgur (1999) In this paper, we develop a supply chain optimisation model for an offshore wind farm industry where the supply chain problem in this sector is distinct from the models detailed above.
Description of the Models
In this section, the description of the proposed AHP based port selection model is first presented in subsection 3.1. The result of the port selection model is fed into the supply chain optimisation model, which will be discussed in subsection 3.2.
Port selection model
The port selection model determines the suitability of the ports for hosting the installation phase of an offshore wind farm from a logistics perspective considering three main criteria groups of The port data is collected based on the attributes developed. The secondary quantitative and qualitative data, using publically available port data is used. The data is normalised as a criterion may have a different unit of measurement as compared to the others. c. Calculate the final score of each alternative by using the derived criteria weights:
The final score of each port is calculated by summing the product of the normalised data and the weight for each attribute/criterion and the port with the highest overall ranking is suggested as the most suitable port.
The installation port hierarchy (Table 1) is composed of different levels described below:
Level 1: consists of the port's physical characteristics, connectivity and port layout.
Level 2A: consists of the component handling equipment at the port, quay load bearing capacity, port depth, seabed suitability, and quay length.
Level 2B: consists of the port's distance to the wind farm, distance to road networks and distance to key component suppliers.
Level 2C: consists of the availability of storage facility, availability of manufacturing facility, potential for further expansion at the port, and the availability of laydown area at the port. Level 3C: consists of the laydown area, and laydown area access to quayside.
The final weight of the sub criteria and the consistency index of each level are presented in Table 1 and 2 respectively. 
Supply chain optimisation model
In the installation phase of an offshore wind farm, supply chain optimisation involves making decisions for planning and design of production, storage locations and transportation of supply chains, which are vital for retaining the competitive edge of companies. Such optimisation models are usually very hard to solve as the problem is often very complex due to the large number of entities of the supply chain such as the number of suppliers, manufacturers/plants and warehouses (ports). Moreover, there are complex interactions among these entities such as inventory policies, modes of transport and relocation of warehouses.
Mathematical optimisation techniques have been used to solve such problems. In this section, a supply chain optimisation model for an offshore wind farm is studied focusing on transport to an installation port. The model is developed in order to minimise total supply chain network cost, which includes transportation, inventory, and production costs. A mathematical model using integer linear programming (ILP) is proposed to address the problem. Figure 1 shows the proposed supply chain network of an offshore wind farm in this study.
In the installation phase of an offshore wind farm, the supply chain network is triggered by the installation schedule of the wind turbines. From the schedule, the amount (demand) of main components required by an installation port per period (day) is determined. The installation port is selected by the model given in Section 3.1. The proposed supply chain optimisation model aims to determine the optimal components/parts movement from suppliers to an installation port in order to minimise the total cost including inventory, production and transportation costs. In addition, the model is developed in order to meet the demand of installation ports on the main components for installation process. In the model, the main Average consistency of the matrices 0.048 components comprise foundation, transition piece, tower, nacelle, and blades whereas parts are the objects required to assemble main components. These main components will be transported to and stored in the installation ports before they are loaded into the installation vessels. the minimum amount of part s that can be transferred from supplier r to port k in one trip (day) using transportation mode w. 
= 0 otherwise

Objective Function
Minimizing the total cost which consists of parts/components, inventory, production and transportation sub-costs: The problem can be separated into four sub-models namely supplier, plant, port and transportation models, where the detail of each is given as follows:
a) Supplier subset of model
The total cost consisting of parts/components and holding costs for parts and components for each supplier can be formulated as follows:
Constraints:
Constraints (3) and (4) ensure inventory balancing of parts and main components respectively.
In these constraints, when (t-1) < 0, variables 
b) Plant subset of model
The total cost comprising production and holding costs for parts and components for each plant can be formulated as follows:
integer and 0
Constraints (8) guarantee that the production rate does not exceed the production capacity.
Constraints (9) and (10) (11) and (12) respectively.
c) Port (secondary and installation port) subset of model
The total cost (holding cost for parts and components) for each port can be formulated as follows:
Constraints (17) and (18) 
d) Transportation subset of model
The transportation costs can be formulated as follows:
Equations (22) and (23) calculate the total inland transportation costs for parts and main components respectively whereas Equations (24) and (25) determine the total sea transportation costs for parts and main components respectively. Constraints (26) - (32) ensure the flow balancing for parts and main components in suppliers, plants and ports. These constraints also determine the amount of components/parts transferred from one node to another. Constraints (33) - (36) state the minimum and maximum amount of parts and components that can be transferred by a vessel in one trip (day). Constraints (37) - (38) indicate the maximum amount of parts and components transferred by an inland transportation mode in one trip (day).
Case study
This section presents a set of solutions generated by the proposed models described in section 3. In this section, an example of the usage of the combined AHP-ILP model to produce supply chain solutions for the West Gabbard wind farm located in the Southern part of the North Sea is shown. The offshore wind energy is emerging as a major energy source in the UK's energy portfolio. The southern part of the North Sea accommodates a large number of wind farms and therefore the case study focuses on an offshore wind farm in this location as it gives a realistic scenario. In section 4.1 we present the experiments of the AHP model for the selection of the most suitable installation port and in section 4.2 the results of the ILP model are discussed. As West Gabbard wind farm still requires planning permission, there is no existing/current solutions for this case study. Moreover, there are no solutions available in the literature to compare a set of solutions obtained by the proposed models.
Experiments on the AHP Model
In this subsection the case study related to the port selection model is presented. The problem is defined as the decision makers' choice of selecting the most suitable port for their wind farm based on criteria described in section 3. 
Experiments on the supply chain optimisation model
In this subsection, the solution of the "transport to installation ports" model is presented.
The solution of the model will answer the following questions: Which supplier will deliver which components/parts (When and how many units)? The main input for this model is the installation schedule. As the port selection model selected the port of Oostende as the most suitable installation port, we use this port as the single installation port in this case study. We focus on three main components, namely the tower, blades, and nacelle. The suppliers of those components are given in Table 3 . The table shows the location of suppliers and their coordinates along with the type of component that they produce. We estimate the cost of components for each supplier based on Fingersh et al. (2006) . Table 4 presents the data of the ports used in the model. The computational experiments were carried out using 11 randomly generated installation schedules. We vary the number of turbines (N) to be installed from 80 to 100 with an increment of 2 which corresponds to a medium to large wind farm by current standards. We also set the number of periods/days (planning horizon) to N. Table 5 shows an example of the installation schedule for N = 100. This figure has been suggested based on the current industry practice of offshore wind installation in the summer period. The table presents the number of turbines to be installed per period. Based on this schedule, the components must be available in the installation port to avoid delay. However, the component inventory needs also to be optimised as the holding cost of these large, heavy components is relatively high. The transportation cost for each component is based on the distance and we set the maximum transportation cost to 20% of the component cost. We also set the holding/inventory cost for each component to 20% of the component cost per year. In the model, it is assumed that size of the ports is large enough to store the components. Therefore, the capacity constraints of the ports are not considered.
The limited capacity port layout optimisation for the installation port has been addressed by Irawan et al. (2017) . 10 (1) 30 (1) 43 (1) 54 (2) 63 (1) 72 (2) 81 (1) 90 (1) 13 (2) 31 (1) 44 (1) 55 (2) 64 (2) 73 (2) 82 (1) 91 (1) 16 (2) 32 (1) 45 (2) 56 (2) 65 (1) 74 (2) 83 (1) 92 (1) 19 (2) 33 (1) 47 (2) 57 (1) 66 (1) 75 (1) 84 (1) 93 (1) 21 (1) 36 (2) 48 (2) 58 (1) 67 (1) 76 (2) 85 (1) 94 (1) 23 (1) 39 (1) 50 (2) 59 (2) 68 (1) 77 (2) 86 (1) 95 (1) 25 (1) 40 (2) 51 (2) 60 (2) 69 (1) 78 (2) 87 (1) 96 (1) 28 (1) 41 (2) 52 (2) 61 (2) 70 (2) 79 (1) 88 (1) 97 (1) 29 (1) 42 (1) 53 (1) 62 (2) 71 (2) 80 (1) 89 (1) 98 (1) Table 6 shows that the exact method (CPLEX) was able to obtain good solutions with an average % gap of 0.0730%. The bold face in the table indicates that the optimal solution is obtained. Out of 11 instances, CPLEX found two optimal solutions for Instances 10 and 11 within one hour. According to the table, the total cost increases with the number of turbines (N). In these experiments, we set the minimum and maximum number of towers that can be transported by a vessel to 8 and 12 respectively except from the port of Lindo (Denmark) to the port of Aalborg (Denmark). We also set the maximum number of towers that can be transferred by an inland transportation mode (truck or train) to 2. At the beginning of period, it is assumed that the installation port has already 5 units of each component. Here, the inventory cost is only considered for the installation port. Table 7 presents the flows of components from suppliers to the installation port in the optimal solution for N = 100. The table shows the starting period and the quantity of towers to be transferred from suppliers to the installation port. According to Table 8 shows the cost breakdown for N = 100 where three types of costs are presented, namely unit components, inventory and transportation costs. According to the table, the total components cost (tower, blade and nacelle) contributes the highest share to the total cost which is more than 90%. The total transportation cost (inland and sea transport) makes up to 9% of total cost, below the 20% limit. The inventory cost provides the smallest portion to the total cost as this cost occurs only in the installation port. Table 9 presents the inventory and transportation costs breakdown by component for 100  N . Based on the figure, the component which contributes the largest portion to the inventory and transportation costs is the Nacelle (up to 70%). The Nacelle is the most expensive component compared to the blade and tower. In our study, the transportation and inventory costs are calculated mainly based on the cost of the components. 
Discussion and Managerial Implications
The experimental results in Sections 4.1 and 4.2 have been divided into two parts, port selection and supply chain optimisation. It is clear that these two aspects are strongly connected, as a sub-optimal choice of port with respect to stakeholder preferences will lead to inefficiencies in the resulting supply chain. The optimal port for the given example (West Gabbard) is in a different country to the territorial waters of the wind farm site, with parts sourced from multiple third country destinations. This demonstrates the need to consider all potential options when considering the selection of an installation port rather than being constrained by national boundaries. This is particularly true of areas like the North Sea where multiple wind farms in multiple countries' territorial waters are planned in relative close proximity. The supply chain optimisation computational times, along with the models given in Section 3, demonstrate the complexity of the wind supply chain planning process. This in turn implies that sophisticated optimisation modelling and solution techniques need to be employed in order for managers to obtain efficient wind sector supply chain solutions.
The disparity between transportation and inventory costs throughout Section 4.2 shows the need to focus on future attention on innovations that improve efficiency in the transportation aspect, particularly with respect to nacelles. The disparity may also lead managers to consider innovations that trade off additional inventory costs for more cost effective transportation solutions.
Conclusion and suggestions
This paper studies the supply chain for the installation phase of offshore wind projects and practical models for component transportation and port selection are proposed that allow offshore wind developers to schedule the construction of the wind farm. The primary aim of this research is to help decision makers in the offshore wind sector in supply chain planning and optimization that can eventually lead to lower transportation cost. Due to the complex logistics and large size of the offshore wind components, modelling the component flow in the most efficient manner is necessary for minimizing the supply chain cost. Combining the AHP and ILP methods produces an integrated supply chain solution for the transportation of the components from the suppliers to the installation port. Furthermore, the results for the West Gabbard case application suggest that a large part of the logistics costs are related to the nacelle's transportation and inventory cost and therefore more attention may be given to developing the supply chain of this component. The model proposed in this paper is also applicable for construction of other offshore renewable energies such as tidal arrays where underwater turbines are used for extracting the tidal energy.
The main focus of this research has been on the choice of port and the subsequent inland and sea transportation of the components and the offshore installation of the wind farms have not been considered. Future research can be directed at development of integrated supply chain models for the inclusion of the offshore installation of the components to produce a fully integrated supply chain decision support tool for the offshore wind energy sector.
